Historically, asbestos-containing roof cements and coatings were widely used for patching and repairing leaks. Although fiber releases from these materials when newly applied have been studied, there are virtually no useful data on airborne asbestos fiber concentrations associated with the repair or removal of weathered roof coatings and cements, as most studies involve complete tear-out of old roofs, rather than only limited removal of the roof coating or cement during a repair job. This study was undertaken to estimate potential chrysotile asbestos fiber exposures specific to these types of roofing products following artificially enhanced weathering. Roof panels coated with plastic roof cement and fibered roof coating were subjected to intense solar radiation and daily simulated precipitation events for 1 year and then scraped to remove the weathered materials to assess chrysotile fiber release and potential worker exposures. Analysis of measured fiber concentrations for hand scraping of the weathered products showed 8-h time-weighted average concentrations that were well below the current Occupational Safety and Health Administration permissible exposure limit for asbestos. There was, however, visibly more dust and a few more fibers collected during the hand scraping of weathered products compared to the cured products previously tested. There was a notable difference between fibers released from weathered and cured roofing products. In weathered samples, a large fraction of chrysotile fibers contained low concentrations of or essentially no magnesium and did not meet the spectral, mineralogical, or morphological definitions of chrysotile asbestos. The extent of magnesium leaching from chrysotile fibers is of interest because several researchers have reported that magnesium-depleted chrysotile fibers are less toxic and produce fewer mesothelial tumors in animal studies than normal chrysotile fibers.
INTRODUCTION
Historically, asbestos was used in a variety of roofing products, such as a filler material in asphalt, roofing felts, and mastics (Stern et al., 2000) , as well as a structural fiber in asphalt-and coal tar-saturated ply sheets and flashing felts (Brzozowski, 1989) . In the early 1980s, the use of asbestos in roofing materials was discontinued in the USA, with the exception of roof coatings, mastics, and cements, which are widely used on various parts of 'roof systems' for waterproofing, adhering flashing to roof surfaces, and sealing around chimneys, air vents, and other penetrations (NRCA, 1994) . In general, the asbestos fibers in these products are encapsulated in bituminous matrices or resins, thereby binding the fibers and preventing their release (NRCA, 1994) , and in *Author to whom correspondence should be addressed. Tel: þ1-510-268-5008; fax: þ1-510-268-5099; e-mail: psheehan@exponent.com the USA, they are available for sale legally even today.
During the course of their work, many roofers may have been exposed to asbestos during the repair or tear-off of old roofing materials, including roofing cements and coatings; however, very few studies have reported airborne concentrations of asbestos associated with the application, repair, or removal of these products. In a recent simulation study, we assessed chrysotile asbestos fiber concentrations associated with the application, repair, and removal of recreated chrysotile fiber-containing asphaltic roof coatings and cements (Mowat et al., 2007) . As a follow-up to that simulation study, which tested cured roofing materials, we sought to better understand potential exposures resulting from weathered coatings and cements as workers performing roof repair work likely encountered older weathered material. There are virtually no useful data on airborne asbestos fiber concentrations associated with the repair or removal of weathered roof coatings and cements, as most studies involve complete tear-out of old roofs, rather than only the removal of the roof coating or cement as would be performed in a repair job. This current simulation study addresses this data gap and expands on our prior exposure assessment, by providing asbestos fiber concentration measurements for workers scraping artificially weathered roof coatings and cements.
It has been hypothesized that the abrasion of weathered materials, where the matrix is beginning to break down, would release more fibers than abrasion of newer materials, where the matrix holding the fibers is intact. Because the asphalt matrix of roof coatings and cements is applied on the outer roof surface and is highly exposed to solar radiation, large temperature changes, and precipitation, it is reasonable to focus on weathering effects on these types of roofing products; however, the available studies are not sufficiently product-specific to support an evaluation of this hypothesis for any specific roofing product. The few available studies indicate that the tear-out of old (and therefore presumably weathered) roofs produces relatively low asbestos fiber concentrations. For example, studies conducted by the National Roofing Contractors Association (NRCA) indicate that removal of asbestos-containing roof flashings, mastics, coatings, and cements yield low asbestos fiber concentrations [range, 0.004-0.027 fibers per cubic centimeter (f cc À1 ); mean, 0.024 f cc À1 ) (NRCA, 1994) . In addition, the NRCA reports that, of the .1500 individual monitoring results for built-up roofing, consisting of several thousand personal breathing-zone and area samples collected between 1986 and 1991, none exceeded 0.1 f cc À1 . Airborne asbestos concentrations of 0.1-0.6 f cc À1 during tear-out and replacement of roofing materials have been reported, but these data were not specific as to the type of material removed (Anderson et al., 1982) . In an Australian study of weathered roofing materials, estimated time-weighted averages (TWAs) during building demolition in old buildings ranged from 0.02 to 0.60 f cc À1 (Brown, 1987) . Due to the paucity of exposure data regarding removal of hand-applied roofing cements and coatings, this study was undertaken to expand our prior exposure assessment and to generate data on asbestos fiber releases to estimate potential exposures specific to these types of roofing products following weathering. Two different asbestos-containing roofing products that were historically manufactured and sold by Monsey Products Company (Monsey) and Henry Company (Henry) in the 1950s, 1960s, and 1970s were selected as representative of the variety of roofing cements and coatings available at that time. These products were also tested in our prior analysis (Mowat et al., 2007) . In this earlier study and the current one, the term 'asbestos' is intended to pertain to chrysotile asbestos as this was the only fiber type used to make the reformulated products. The initial objective of this work was to quantitatively measure the airborne asbestos fibers in the breathing zone of a worker during hand scraping of these reformulated products from representative weathered roof substrates. The ultimate objective of the testing was to compare the airborne asbestos concentrations from these tests to past and present Occupational Safety and Health Administration (OSHA) permissible exposure limits (PELs) for fiber exposures.
METHODS
A series of tests were carried out to simulate removal of chrysotile-containing asphalt-based roof cement and roof coating products under weathered conditions. During these tests, total airborne respirable fibers and respirable asbestos fiber concentrations (respirable fibers defined as those .5 lm in length with aspect ratios .3:1) were measured using standard analytical methods [National Institute for Occupational Safety and Health (NIOSH) 7400 and 7402 (NIOSH, 1994)] . The following sections describe the test procedures that were used to measure and understand any resulting exposures during hand scraping of the two products tested.
Products tested
Two products representative of the Monsey and Henry's roof cement and fibered coating product lines were tested: C-8 Plastic Roof Cement and B-10 Fibered Roof Coating. Because the products tested are no longer manufactured or sold, representatives from Monsey and Henry mixed and produced the products used in this study, in June 2005, at Henry's facility in Kimberton, Pennsylvania, so that these exposure tests could be conducted. Original suppliers of the historic roofing materials and original mixing equipment were used whenever possible in the recreation of the products to simulate the historic formulation to the extent possible. The formulated product met all quality control standards specified for the original products, indicating that the products made in 2005 had the same properties as those manufactured historically. A description of the two products tested, along with their composition and intended use, is provided in Table 1 .
Preparation of representative roof substrates
The plastic roof cement and fibered roof coating products selected for the weathering study were applied to two different types of roofs: composition asphalt shingle roofing (termed 'asphalt shingle') and bituminous built-up roofing (termed 'BUR'). The preparation of these roof substrates was described in detail previously (Mowat et al., 2007) , though a few changes were made to the roofs used for weathering tests. Specifically, on both roof substrates, a drip edge composed of 28-gauge galvanized metal was integrated into the roof felt (for asphalt shingle roofs) and plies (for BUR), and nail holes and corners were soldered to ensure a watertight seal. In addition, on the asphalt shingle roofs, holes were drilled in the plywood in the center of the chimney to prevent water from ponding during weathering; the corners and edges of the flashing were also sealed by soldering. On the BUR, the edge metal was sealed with mastic and asphalt primer.
Preparation of metal coupons
To facilitate comparison of field weathering of roof substrates, 42 metal coupons were prepared for testing. The coupons were rectangular aluminum plates (Alloy 3003, mill finished and process cleaned), measuring 5 inches in length and 2 inches in width. Twenty-four coupons were coated with C-8 Plastic Roof Cement or B-10 Fibered Roof Coating for treatment in a standard small sample weathering chamber described below. Coupons were coated with the two roofing products of interest and cured in the same manner as the roof substrates. 
Weathering protocol
The large coated roof panels and smaller coated metal coupons were subjected to various accelerated weathering protocols to allow for evaluation of the effect of weathering on chrysotile asbestos fiber release. Metal coupons were weathered in both an indoor Weather-o-Meter and an outdoor weathering facility; roof panels were weathered outdoors only. Weathering coupons both in the Weather-o-Meter and in the outdoors (along with the larger roof panels) provided a basis for comparing weathering effects associated with both protocols.
Indoor weathering was performed using an Atlas Ci65/Ci65A Xenon Weather-o-Meter, a device that uses a controlled irradiance water-cooled xenon arc lamp as the source of radiance, using an SL holder, at South Florida Test Service, Accelerated Weathering Laboratory in Miami, Florida. The coated metal coupons were subjected to alternating cycles of light Fig. 1 . The roof panels were each placed on a Track RacÒ, a dual axis, variable angle exposure rack designed to increase the amount of radiant energy to which the panels were exposed. The Track RacÒ allowed the roof panels to pivot in two different axes, with an altitude-azimuth device used to track the sun, increasing the amount of solar energy to which the panels were exposed by $30% by maintaining normal incidence (e.g. noon time conditions) from sunrise to sunset during the full 365-day weathering period. The four roof panels were clamped to the Track RacÒ on plywood sheets and were continuously exposed to natural elements from 19 August 2005 to 18 August 2006. In addition, coated metal coupons were mounted onto a 4-ft by 6-inch (1.2 by 15 cm) plywood holder and placed on the Trac RacÒ with the roof panels. Subsets of metal coupons were removed at 6, 9, and 12 months. A high-purity spray system ('rain system') was used with a preprogrammed spray cycle for both day and night. During the daytime, the panels were sprayed 8 min h À1 from 5:00 am to 7:00 pm (day cycle) and 3 min on/12 min off from 7:00 pm to 5:00 am (night cycle). Ultrahigh purity water was obtained from an on-site reverse osmosis deionized (RODI) water facility and was frequently tested to ensure purity. The water from the RODI facility was consistently found to have ,1 p.p.m. total dissolved solids and ,0.2 p.p.m. silica. Due to its purity, pH could not be effectively measured. Wetting of the roof panel and metal coupon surfaces was achieved through use of fine spray nozzles to ensure complete coverage.
Exposure testing facility and setup
Following weathering, the large roof panels were delivered to the exposure testing facility at Forensic Analytical Laboratories, Inc. facility in Hayward, California. All exposure tests were carried out in a test chamber 3.7 by 4.9 by 2.4 m high. The test chamber was constructed of high-quality plywood and lined with plastic sheeting to contain any fibers released during testing and to allow for easier cleanup between exposure tests. The room had a framed plywood door, which was sealed with duct tape during testing, that led to a small entry vestibule, also lined with plastic sheeting, which in turn, led to the larger room housing the chamber. The test chamber had a small PlexiglasÒ window, which allowed observers to watch the exposure testing activities. A high-efficiency particulate air (HEPA) filtered negative air unit regulated airflow at $0.28 m 3 s
À1
, with the exhaust ducted through an opening of between 20 and 30 cm in diameter. Use of the HEPA air unit resulted in an air exchange rate in the testing chambers of 10-18 times h À1 , depending on the replicate, which was thought to adequately represent outdoor conditions where roofers might conduct their work. A custom-built holder was used to hold the product-coated roof panel during testing. This holder was constructed of wooden beams $5 by 10 cm and angled at a 4:12 pitch to simulate a common roof angle.
Exposure testing: hand scraping activity
For the hand scraping test, two roof substrates coated with either C-8 Plastic Roof Cement or B-10 Fibered Roof Coating, as previously described, were used for each exposure test, for a total of four tests on four weathered roof substrates. During each test, the worker placed a 1.2 by 2.4 m roof substrate in the center of the room on the custom-built holder to secure the roof substrate at the prescribed angle. The worker scraped across the panel using a longhandled putty knife for 30 min, removing the product from the substrate, and discarding the debris on the floor. For some tests, a hammer was used in conjunction with the putty knife to aggressively scrape the surface coating from the roof substrates. The selection of a 30-min test represents a 'worst case' scenario as it is unlikely that roofers would scrape cements or coatings continuously for this time period from this small of an area; a few minutes of scraping, if any, would be required for a typical repair project. The approximate surface area of roof coating that was removed was 0.93 m 2 for the plastic roof cement and 3.0 m 2 for the fibered roof coating.
Air sampling
During the exposure testing of the weathered roofing products on the four large panels, air samples were collected to analyze for the presence of airborne asbestos fibers. In each test, personal samplers were placed on both the right and the left lapel of the worker, allowing for two samples per replicate (four personal samples per product). Preliminary tests indicated that the sample cassettes became overloaded during the 30-min test period due to the dustiness of the weathered product. Thus, during each replicate, the industrial hygienist was present in the test chamber to monitor the 'dustiness' of the activity being conducted by the worker and change out sample cassettes as needed. As a result, several personal samples were collected during each test, ranging from two to six samples depending on the product.
All air samples (personal, area, ambient, background, and clearance) were collected on 25-mm diameter, 0.8-lm pore size mixed cellulose ester filters at a flow rate of $15 l min À1 using high-volume pumps for phase contrast microscopy (PCM) and/ or transmission electron microscopy (TEM) analyses. A relatively high airflow was selected to ensure efficient collection of airborne particles in or near the breathing zone of the worker and to achieve an adequately low detection limit during the 30-min tests. This flow rate also led to the collection of large non-respirable particles on some samples. Background air samples were collected in the testing chamber to provide information on ambient concentrations of asbestos fibers in the room air. Clearance air samples were collected in the testing chamber after each test, following the cleaning of the chamber to establish a baseline for subsequent tests. Ambient airborne fiber concentrations were also measured in the air outside the test chamber, but inside the large room that housed the chamber, using both PCM and TEM. Most ambient background and clearance samples were collected for at least 2 h, corresponding to an air volume of $1500 l. Samples collected during testing were analyzed according to standard NIOSH methods. The personal samples collected during sampling were analyzed for fiber concentrations by PCM using NIOSH Method 7400 (NIOSH, 1994) and for asbestos fiber concentrations by TEM using NIOSH Method 7402 (NIOSH, 1994) . Energy dispersive X-ray spectroscopy (EDX) and selected area electron diffraction (SAED) analysis were used in conjunction with TEM for identification of asbestos fibers. Two different EDX detectors were used-one manufactured by EDAX and the other by EVEX-due to instrumentation issues encountered in the course of this exposure simulation. Evaluation of results indicated no differences in reporting from the two detectors used.
Quality assurance and quality control (QA/QC) for PCM and TEM analyses were achieved by following the applicable NIOSH method. For obtaining an index of airborne fiber concentrations by PCM, the appropriate NIOSH method is 7400. Calibration and quality control measures followed the method requirements. QC samples included blanks (10%), replicates (10%), and duplicates (5%). Both replicates and duplicates were run on the PCM samples; only duplicates were analyzed for the TEM samples. To determine the percentage of PCM countable fibers that are asbestos, the appropriate NIOSH method is 7402. Calibration and quality control measures were adhered to per the method.
Microscopic analyses were conducted by Forensic Analytical Laboratories, Inc., accredited by the American Industrial Hygiene Association for airborne fiber analysis by PCM, and for bulk asbestos analysis by polarized light microscopy under the Industrial Hygiene Program (laboratory number 101762). Forensic Analytical Laboratories, Inc., is also accredited by the National Institute of Standards and Technology (NIST) National Voluntary Laboratory Accreditation Program for TEM airborne asbestos analyses (laboratory 101459-0), though not specifically for the NIOSH 7402 method, which has no laboratory accreditation program.
Calculation of 8-h TWA exposure concentrations
In accordance with NIOSH Method 7402, the total fiber concentration for each sample obtained by PCM was converted to a PCM-equivalent (PCM-E) asbestos concentration using the asbestos-to-totalfiber ratio (F/f) determined by TEM. The PCM-E represents the fraction of PCM total fibers estimated to be asbestos fibers and excludes other non-asbestos fibers detected, such as cotton or wood fibers. The PCM-E concentrations were then used to calculate 8-h TWA exposure concentrations in an attempt to estimate the airborne concentration during a typical workday (see also Mowat et al., 2007) .
In our calculations of 8-h TWAs, the activity was considered to have occurred for 30 min; for the remaining 7.5 h of the 8-h workday wherein no scraping activity was performed, the airborne asbestos background PCM-E concentration estimated for this specific exposure simulation was used in the TWA calculation. This value was a non-zero background concentration of 0.0008 f cc
À1
.
RESULTS
For the purposes of clarity, the definitions below will be used in the following sections:
PCM fibers: total fibers counted by PCM, PCM-E fibers: PCM fibers determined to be asbestos by TEM, TEM asbestos fibers: 'normal' chrysotile þ low-Mg fibers þ no-Mg fibers, TEM chrysotile fibers: normal chrysotile fibers only.
PCM fibers
Two samples were collected per lapel for both replicates of the C-8 Plastic Roof Cement removal con- Asbestos exposure from weathered roofing productsobtain a 30-min concentration for each of the replicates (termed PCM 30 in this report), concentrations from each of the individual personal samples were combined based on sample volume such that:
where PCM 30 5 composite PCM concentration for 30-min activity (fibers per cubic centimeter), n 5 the total number of individual samples collected per 30-min activity, V i 5 the volume of each individual sample collected per 30-min activity (liter), C i 5 the concentration of each individual sample collected per 30-min activity (fibers per cubic centimeter), V T 5 the total volume of all samples collected over the 30-min period (liter) (essentially the sum of all individual sample volumes, V i ). For samples where the reported PCM concentration was 'none detected', the full detection limit was used in the calculations. For PCM concentrations, this calculation resulted in two concentrations per 30-min replicate (one for each lapel). PCM concentrations for both roofing products are shown in Table 2 . For the two replicates for the C-8 Plastic Roof Cement, PCM fiber concentrations (defined as all fiber types, including non-asbestos) ranged from 0.06 to 0.17 f cc
À1
. In both replicates, 48-103 total fibers were counted by PCM. For the two replicates for the B-10 Fibered Roof Coating, PCM fiber concentrations ranged from 0.07 to 0.09 f cc À1 . In both replicates, 10.5-26.5 total fibers were counted by PCM.
Of the five background/clearance samples collected, only one sample had a detectable concentration of PCM fibers (0.003 f cc À1 ) (data not shown). PCM fiber concentrations in two clearance samples associated with C-8 Plastic Roof Cement were 0.003 and ,0.002 f cc
. For B-10 Fibered Roof Coating, the concentration of PCM fibers in both clearance samples was ,0.002 f cc À1 (data not shown). Only one outside sample had a detectable concentration of PCM fibers (0.002 f cc À1 ). Specifically, 3.5-7.5 PCM fibers were identified in the outside samples.
TEM asbestos fibers
As with the PCM analyses, the two replicates for each roofing product (C-8 Plastic Roof Cement and B-10 Fibered Roof Coating), for a total of four tests on four weathered roof substrates and four personal samples per product, were analyzed for TEM total fibers. In this section, TEM concentrations are presented based on all TEM asbestos fibers counted (as defined above) that met the counting criteria (.5 lm in length and .0.25 lm in diameter with a 3:1 aspect ratio and identified by EDX as asbestos), regardless of elemental composition of the asbestos fiber, mineralogy, or spectral characteristics. The term asbestos refers to chrysotile asbestos as chrysotile fibers were used in the reformulated products tested and no amphibole fibers were detected in any sample analyzed. TEM asbestos fiber concentrations for both roofing products are shown in Table 3 . For the two replicates for C-8 Plastic Roof Cement, TEM asbestos fiber concentrations ranged from 0.04 to 0.24 f cc
À1
. In both replicates, 9-49 TEM asbestos fibers were identified. For the two replicates for B-10 Fibered Roof Coating, TEM asbestos fiber concentrations ranged from 0.009 to 0.22 f cc
. In both replicates, 1-15 TEM asbestos fibers were identified.
Based on the TEM analysis of one of the samples from the background/clearance testing, the TEM asbestos fiber concentration was below the analytical sensitivity (,0.009 f cc À1 ) (data not shown). No asbestos fibers were detected in this sample. In addition, based on the TEM analysis of one of the outside samples, the TEM asbestos fiber concentration was below the analytical sensitivity (,0.009 f cc À1 ) (data not shown). No asbestos fibers were detected in this sample.
TEM chrysotile fibers
During the course of the analysis, it became apparent that the chrysotile asbestos fibers present in the reformulated roof products (the only asbestos fibers present in these products, as confirmed by EDX and SAED) had been altered during the weathering process. Specifically, many TEM asbestos fibers were found to either have low concentrations of magnesium or had been completely depleted of magnesium (Mg) content; thus, different categories of TEM asbestos fibers were used to report our findings:
Chrysotile asbestos-this category refers to asbestos fibers that meet all definitions for chrysotile asbestos, including elemental composition, mineralogy, and spectral characteristics. Per NIST standard reference materials (SRM), normal chrysotile (NIST SRM 1866 Chrysotile) is described as having a tubular morphology, with a magnesium-to-silicon (Mg:Si) ratio of .50% and a distinctive SAED pattern. An example EDX spectrum for normal chrysotile is presented in Fig. 2a . Low-Mg fibers-as defined by the study authors, this category refers to asbestos fibers that, postweathering, exhibited degrading tubular morphology, an Mg:Si ratio of 10-50% and weak to no SAED pattern. Approximately 20% of the asbestos fibers counted by TEM met these criteria. An example EDX spectrum for the 'low-Mg' fibers is presented in Fig. 2b . No-Mg fibers-as defined by the study authors, this category refers to asbestos fibers that, postweathering, exhibited no tubular morphology, an Mg:Si ratio of ,10% and an absent SAED pattern. Approximately 70% of the asbestos fibers counted by TEM met these criteria. An example EDX spectrum for the 'no-Mg' fibers is presented in Fig. 2c .
In most samples analyzed, a mixture of normal chrysotile, low-Mg, and no-Mg fibers was found, Asbestos exposure from weathered roofing productsalthough the majority ($90%) of asbestos fibers fell into the latter two categories. A micrograph showing the unusual morphology of these three fiber categories is presented in Fig. 3 . Given the fact that these fibers did not meet the definition of normal chrysotile asbestos, and therefore possibly have biological consequences that differ from those of normal chrysotile asbestos, results for TEM for the two roofing products evaluated are presented separately (one using all TEM asbestos fibers identified and one using normal chrysotile fibers only). TEM asbestos and TEM chrysotile fiber concentrations for both roofing products are shown in Table 3 . For the two replicates of C-8 Plastic Roof Cement, the TEM chrysotile fiber concentrations ranged from 0.005 to 0.05 f cc
À1
. chrysotile concentrations for asbestos fibers meeting all definitions of normal chrysotile asbestos ranged from 0.005 to 0.05 f cc À1 . In both replicates, 1-10 chrysotile fibers were identified. For the two replicates for B-10 Fibered Roof Coating, TEM chrysotile concentrations ranged from below the analytical sensitivity (0.009-0.012 f cc À1 , depending on sample) to 0.015 f cc À1 . All but one individual sample had TEM chrysotile fiber concentrations below the analytical sensitivity (0.009-0.012 f cc
). In both replicates, 0-1 normal chrysotile fibers were identified.
TWA concentrations
TWAs were calculated for all samples where asbestos fibers were detected, assuming one-half hour of hand scraping in an 8-h workday. To calculate TWAs, PCM concentrations were converted to PCM-E fiber concentrations. Due to the differences in the types of asbestos fibers identified using TEM, as described above, TWAs are reported using both the TEM asbestos fiber concentration (that is, total of the three categories identified above) and the TEM chrysotile fiber concentration (first category only) for both the right and the left lapels. PCM-E fiber concentrations and calculated TWAs are reported in Table 4 and presented in Fig. 4 relative to occupational standards and published rural and urban ambient asbestos concentrations (e.g. Selikoff and Hammond, 1968; Selikoff et al., 1972; Nicholson and Pundsack, 1973; Chesson et al., 1985; Bignon, 1989; Corn, 1994) . For C-8 Plastic Roof Cement, the TWAs calculated for TEM asbestos fibers (sum of the normal chrysotile, low-Mg, and no-Mg fibers) ranged from 0.005 to 0.011 f cc
À1
. The TWA calculated using the asbestos fibers meeting all definitions of normal chrysotile (TEM chrysotile fiber concentration) ranged from 0.001 to 0.002 f cc À1 . For B-10 Fibered Roof Fig. 3 . Example photomicrographs for 'normal' chrysotile (top), 'low-Mg' fibers (middle), and 'no-Mg' fibers (bottom).
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Coating, the calculated TWAs using the TEM asbestos fiber concentration ranged from 0.005 to 0.006 f cc
À1
. The TWA calculated using only the TEM chrysotile fiber concentration was 0.001 f cc À1 .
DISCUSSION
The results of testing of the weathered samples of C-8 Plastic Roof Cement and B-10 Fibered Roof Coating are consistent with the exposure results obtained for cured samples of these products (reported separately, see Mowat et al., 2007) indicating that there is little exposure to asbestos during scraping of chrysotile-containing roof cements and mastics under the tested conditions. Specifically, hand scraping of the weathered products resulted in 8-h TWA concentrations well below the current OSHA PEL for asbestos. There was, however, visibly more dust and a few more fibers collected during the hand scraping of weathered products compared to the cured products. Despite the increased dustiness, the exposure results from the weathered products indicate that limited hand scraping of naturally weathered samples of roof cements and coatings is likely Asbestos exposure from weathered roofing products 889
to result in airborne concentrations of asbestos fibers well below the current OSHA PEL of 0.1 f cc
À1
. The 8-h TWA concentrations were below airborne asbestos concentrations reported in both urban and rural air nationally and not substantially above background levels of asbestos in the ambient air at our test site. Specifically, airborne asbestos concentrations in ambient outdoor air are reported as undetected to $0.0003 f cc À1 in rural air and to 0.003 f cc À1 in urban air (e.g. Selikoff and Hammond, 1968; Selikoff et al., 1972; Nicholson and Pundsack, 1973; Chesson et al., 1985; Bignon, 1989; Corn, 1994) .
The most notable difference between fibers released from weathered and cured roofing products was the large fraction of fibers in weathered samples that contained low concentrations of or essentially no magnesium and did not meet the spectral, mineralogical, or morphological definitions of chrysotile asbestos. These fibers accounted for $90% of the fibers counted using TEM. Similar spectral and morphological differences were reported by other investigators (e.g. Luys et al., 1982; Spurny et al., 1983) . Some authors note that leaching of magnesium from chrysotile fibers results in a 'porous silica skeleton' (Spurny et al., 1983; Langer and Nolan, 1986) or degraded crystalline lattice (Luys et al., 1982) , possibly explaining some of the morphological differences and loss of tubular structure in the fibers evaluated in the current exposure simulation. Chowdhury (1975) noted that magnesium 'impurities' in chrysotile 'are impossible to remove without changing the chemical nature of chrysotile itself', indicating that magnesium-leached chrysotile is chemically different from intact chrysotile asbestos.
Leaching of magnesium from chrysotile fibers under acidic conditions is well known and has been demonstrated during laboratory exposure of asbestos fibers to mineral or organic acids (e.g. Hargreaves and Taylor, 1946; Morgan et al., 1977; Monchaux et al., 1981; Spurny et al., 1983; Jaurand et al., 1987; Helsen et al., 1989) and natural acidic conditions created by lichens colonized on an asbestos cement roof (Favero-Longo et al., 2005) . Leaching of magnesium has also been shown to occur with exposure to deionized, distilled, or natural water in asbestos cement products under natural weathering conditions (e.g. Helsen et al., 1989; Spurny, 1989) . Specifically, Helsen et al. (1989) observed depleted magnesium levels in chrysotile fibers within a corrugated-sheet roof exposed to ambient weather for .50 years. The weathered sheet was placed in a weathering box where it was further subjected to simulated rain (25.5 l continuously for 150 h) and a wide temperature cycle (À10-60°C) and then scraped with a scalpel. Analysis of fibers indicated that only 30% of fibers were deemed respirable and that almost no fiber could be mineralogically classified as chrysotile asbestos because most fibers were deficient in magnesium. Interestingly, the fibers were enriched with calcium, attributed to an exchange of ions: magnesium in the fibers and calcium in the cementitious matrix of the roof sheets. Similar results were reported by Spurny et al. (1983) . In an evaluation of 'static' and 'dynamic' leaching of chrysotile asbestos with distilled water (pH 5 5.9), Chowdhury (1975) reported that, under static leaching (i.e. asbestos held in tubes and shaken continuously but exposed to the same liquid throughout and collected periodically), magnesium was only slowly leached initially but increased over time, reaching a steady state within several months. In dynamic leaching tests (i.e. liquid circulated in the test system), these authors observed a high initial leaching of magnesium, which dropped to a steady state rapidly. Interestingly, the authors noted that complete leaching of magnesium from the fibers did not occur.
The accelerated weathering protocols used in this exposure simulation incorporated high-purity deionized water to simulate rain events standard in methods for weathering. The deionized water is essentially void of ions and therefore will not cause a 'scale' or build-up of recrystallized or precipitated evaporative materials on the roof surface, thereby ensuring maximum weathering of the surface over time. This lack of ions makes it difficult to measure the pH of the water; however, other investigators have noted that high-purity water generally has a pH of 7.0 at 25°C (Riché et al., 2006) and is therefore neutral in pH. As a result of its purity, deionized water is 'hungry' for ions and therefore facilitates the leaching of magnesium from the fibers released during the hand scraping of weathered C-8 and B-10 roof products. This was also observed by Helsen et al. (1989) , described above, where the 'hungry' water displaced magnesium and calcium ions in a corrugated cement roofing sheet. The leaching of magnesium from chrysotile fibers under natural weathering conditions is likely facilitated by water and carbon dioxide (CO 2 ) combining to form dilute carbonic acid (Gronow, 1987; Riché et al., 2006) . Some authors report that the chemical reaction of carbon dioxide (CO 2 ) in air results in a pH of $5.8 (Riché et al., 2006) , therefore slightly acidic. Although leaching of magnesium under natural weathering has been demonstrated, the data available at present from either our current exposure simulation 890 P. Sheehan et al. or available peer-reviewed literature are insufficient to estimate the rate or extent of leaching of magnesium from roof cements or coatings expected under any specific set of weathering conditions or specified durations; however, a major portion of the fibers evaluated using TEM fell into the low magnesium and no magnesium categories in the current study. The extent of magnesium leaching from chrysotile fibers is of interest because several researchers have reported that magnesium-depleted chrysotile fibers are less toxic and produce fewer mesothelial tumors in animal studies than normal chrysotile fibers (Morgan et al., 1977; Monchaux et al., 1981; Langer and Nolan, 1986; Jaurand et al., 1987) . Morgan et al. (1977) reported that chrysotile fibers .90% depleted in magnesium when injected into the pleura of animals produced a statistically lower incidence of mesothelial tumors than untreated fibers, but that 50% depleted fibers did not. The authors reported that 'the magnesium functionality at the surface appeared to control the tumorigenic potential' (Morgan et al., 1977) . In contrast, Monchaux et al. (1981) reported that the intrapleural inoculation of magnesiumdepleted chrysotile fibers in test rats resulted in the incidence of mesotheliomas in treated animals decreasing as the proportion of magnesium in the fibers decreased, with chrysotile fibers leached of $44% of magnesium resulting in a significant reduction in mesotheliomas. In animals administered fibers with magnesium leaching of !44%, the number of mesotheliomas observed was similar to those shown in animals dosed with glass fibers. Finally, Jaurand et al. (1987) found a 25% reduction in the occurrence of mesotheliomas in rats administered acid-leached chrysotile via intrapleural injection, concluding that chemistry plays a role in carcinogenicity. Others have also reported that the magnesium-rich surface of chrysotile fibers may play a large role in fiber cytotoxicity (Light and Wei, 1977; Langer and Nolan, 1986) , although little information is provided regarding mesotheliogenicity. On the other hand, Spurny (1989) reported that samples of chrysotile fibers prepared from a 20-year-old asbestos cement plate and injected into the peritoneum of rats did not show differences in carcinogenicity compared to rats administered standard chrysotile preparations.
Although several authors indicated that chrysotile fibers in asbestos cement roof products will be leached of magnesium through natural weathering, the extent of leaching under conditions of interest to our current exposure simulation would need to be quantified before related changes in potential carcinogenic potency could be assessed. For example, as noted by Chowdhury (1975) , changing conditions may affect the leaching rate. Given limitations associated with extrapolation of animal data to humans, the laboratory studies described above must be critically evaluated and likely do not represent realistic exposure scenarios (e.g. intrapleural injection versus inhalation) for humans or doses to which workers might be exposed. However, the observed depletion of magnesium in the majority of fibers evaluated in the exposure analysis of C-8 Plastic Roof Cement and B-10 Fibered Roof Coating indicates that the biological consequences of magnesium-depleted chrysotile may make a difference in the risk posed by these weathered fibers. Regardless of the biological activity of the fibers, asbestos exposures resulting from work with weathered roofing cements and coatings, such as those tested in this simulation, are well below the current OSHA PEL for asbestos, regardless of how fibers are defined or counted. 
